3-Hydroxy-3-methylglutaryl (HMG)-CoA synthase (HMGS; EC 2.3.3.10) is the second enzyme in the cytoplasmic mevalonate pathway of isoprenoid biosynthesis, and catalyses the condensation of acetyl-CoA with acetoacetyl-CoA (AcAc-CoA) to yield S-HMG-CoA. In this study, we have first characterized in detail a plant HMGS, Brassica juncea HMGS1 (BjHMGS1), as a His 6 -tagged protein from Escherichia coli. Native gel electrophoresis analysis showed that the enzyme behaves as a homodimer with a calculated mass of 105.8 kDa. It is activated by 5 mM dithioerythreitol and is inhibited by F-244 which is specific for HMGS enzymes. It has a pH optimum of 8.5 and a temperature optimum of 35
INTRODUCTION
Plants synthesize a myriad of isoprenoids, which play an essential role in various cellular functions such as photosynthesis (carotenoids, chlorophylls, phylloquinones), respiration (ubiquinone), membrane architecture (sterols and triterpenoids), regulation of growth and development (gibberellic acids, abscisic acid, brassinosteroids, certain cytokinins, e.g. isopentenyl adenosine), and defence against pathogen attack (mono-, sesqui-and di-terpenoid phytoalexins), or serve as chemical signals [1, 2] . All these entities are derived from the universal precursor isopentenyl diphosphate (IPP, also referred to as 'activated' isoprene) and its isomer dimethylallyl diphosphate (DMAPP). In higher plants two biosynthetic pathways are responsible for the synthesis of these precursors: the classical mevalonate pathway ( [1, 3] and literature cited therein) and the recently discovered methylerythritol phosphate (MEP) pathway [4, 5] . The mevalonate pathway operates in the cytosol, whereas the non-mevalonate MEP or Rohmer pathway is confined to plastids [6, 7] .
During the course of evolution, higher plants have maintained both pathways, whereas, with the exception of some species of Actinomycetes studied so far, other organisms use either the MEP pathway, for example green algae and many bacteria, or the mevalonic acid (MVA) pathway, such as archaebacteria, certain eubacteria, fungi and animals [7] . In higher plant cells, the cytosolic MVA pathway provides the precursor molecules for sterols, ubiquinone, and certain sesquiterpenes, besides delivering the isoprenic units for farnesylation of a series of proteins, and as the starter unit for the formation of dolichols and polyprenols. MVA biosynthesis appears to be essential for cell-cycle progression and viability of plant cells [8, 9] , but to some extent the two compartmentalized pathways seem to conspire, and evidence for metabolic cross-talk has been presented [10, 11] .
MVA biosynthesis is a complex process involving a series of three enzyme-catalysed reactions. Three molecules of acetyl-CoA are converted into one molecule of S-3-hydroxy-3-methylglutarylCoA (HMG-CoA) by the sequential action of two enzymes: acetoacetyl (AcAc)-CoA thiolase (AACT; EC 2.3.1.9) catalysing a thermodynamically unfavourable Claisen-type condensation of two acetyl-CoA molecules to form the intermediate AcAc-CoA [12, 13] , and 3-hydroxy-3-methylglutaryl-CoA synthase (HMGS, EC 2.3.3.10, formerly EC 4.1.3.5), catalysing a thermodynamically favourable aldol condensation of one molecule of AcAcCoA with acetyl-CoA to form one molecule of S-HMG-CoA [12, [14] [15] [16] . The combination of these two reactions favours the overall reaction from acetyl-CoA to HMG-CoA, which is Abbreviations used: AcAc-CoA, acetoacetyl-CoA; AACT, AcAc-CoA thiolase; BjHMGS1, Brassica juncea HMGS1; DMAPP, dimethylallyl diphosphate; DTE, dithioerythritol; DTT, dithiothreitol; DX, 1-deoxy-D-xylulose; HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; HMGR, 3-hydroxy-3-methylglutaryl-CoA reductase; HMGS, HMG-CoA synthase; HS-CoA, reduced CoA; K i , inhibition constant; IPP, isopentenyl diphosphate; IPTG, isopropyl β-D-thiogalactoside; MEP, methylerythritol phosphate; MVA, mevalonic acid; NADPH, β-nicotinamide adenine dinucleotide phosphate reduced; Ni 2+ -NTA, Ni 2+ -nitrilotriacetic acid; S359A etc., Ser → Ala substitution etc. 1 To whom correspondence should be addressed (email mlchye@hkucc.hku.hk).
the substrate of NADPH-dependent, membrane-bound HMGCoA reductase (HMGR, EC 1.1.1.34), the enzyme that generates MVA and being generally considered to catalyse the key regulatory step, for instance in phytosterol biosynthesis [1, 17] . The formation of HMG-CoA from acetyl-CoA and AcAcCoA by the 'condensing enzyme' HMGS has been well studied, initially in yeast [18, 19] . These initial studies with the partially purified yeast enzyme revealed that the free carboxyl end of HMGCoA did arise from hydrolysis of the thioester bond of acetyl-CoA [18, 19] . In follow-up studies, again using purified yeast HMGS, Stewart and Rudney [20, 21] proved that the CoA moiety of HMGCoA stemmed from AcAc-CoA, the CoA part of the molecule being radiolabelled; this label was found in the product HMGCoA. Incubation of the enzyme with [1- 14 C]acetyl-CoA led to a covalently bound acetyl-enzyme intermediate; however, under those conditions there was no significant HMG acid or HMGCoA found to be bound, indicative of a rather rapid release of the reaction product from the enzyme. These initial studies were hampered by the presence of contaminating AACT, a problem that could be resolved by establishing a new purification protocol for bakers' yeast HMGS [22] , which led to an enzyme preparation essentially free of AACT, used in a series of very extensive kinetic analyses [22] [23] [24] . Miziorko and Lane [25] provided clear evidence for the acetylation of HMGS by acetyl-CoA to constitute the ratelimiting step for the overall reaction to HMG-CoA, confirming the observations with yeast enzyme [23, 24] , suggesting a rapid hydrolysis of the HMG-CoA-S-enzyme intermediate.
The purification of a plant HMGS has not been achieved, although HMGS activity has been demonstrated in crude or partially-purified extracts from several plant species [26] [27] [28] . Some evidence for a single protein involved in the conversion of acetyl-CoA into HMG-CoA has been reported in radish seedlings [29] but it seems likely that a plant-specific enzyme interferes with the usual radioactive test system based on that of Clinkenbeard et al. [16] , thereby masking true HMGS activity. In Catharanthus roseus, the enzymes AACT and HMGS exhibited similar chromatographic behaviour [27] , thus making their complete isolation from each other practically impossible, similar to the problems initially encountered with the yeast enzyme [20, 21] . In a more recent study it was reported that HMGS activity is positively correlated with rubber content in Hevea brasiliensis, suggesting a regulatory role of this enzyme in the diurnal variation of rubber biosynthesis [28] in parallel with HMGR activity. A fortuitously isolated cDNA encoding HMGS from Arabidopsis was reported to functionally complement yeast mutants (erg11 and erg13) defective for HMGS [30] . HMGS mRNA from Pinus sylvestris is induced by ozone [31] . An HMGS gene has also been cloned from H. brasiliensis [32] .
Current knowledge on HMGS kinetics is derived from yeast, human, rat, avian, and insect HMGS; such reports are lacking on plant HMGS. Previously we have isolated four isogenes encoding HMGS from Brassica juncea and showed that HMGS gene expression is developmentally regulated in flower, seed and seedling, with highest values reached during early development [33] . In the present study, we report the expression, purification and enzymic characterization of B. juncea HMG-CoA synthase, the second enzyme in the cytoplasmic mevalonate pathway of isoprenoid biosynthesis, and the first characterized plant HMGS. In addition, site-directed mutational analysis of thirteen evolutionarily conserved amino acid residues (Tyr-35, Arg-77, Lys-88, Ser-89, Lys-90, Asn-115, Cys-117, Tyr-118, Arg-157, His-188, Cys-212, Ser-356 and Ser-359) was conducted to investigate their possible involvement in the enzyme's catalysis. All mutants, except those corresponding to Cys-117, Tyr-118 and Cys-212, have never been previously investigated in any HMGS. 
EXPERIMENTAL

Bacterial strains and plasmids
E. coli DH5α was used for propagation of plasmids. E. coli BL21 Star (DE3) pLysS (Invitrogen) was used to express the His 6 -tagged wild-type and mutant enzymes. The plasmid pET3a (Novagen), was used as the expression vector for overexpression of wild-type and mutant enzymes from the T7 promoter for kinetic analysis.
Construction of the His 6 -BjHMGS1 (B. juncea HMGS1) expression vector
The open reading frame of BjHMGS1 was derived by PCRamplification using plasmid pBj49, which contains the full-length 1.68 kb BjHMGS1 cDNA [33] using forward primer 5 -GGA-TCCCATCATCATCATCATCATATGGCGAAGAACGTAGG-GATAT-3 (BamHI site underlined, His 6 -tag-encoding DNA in bold and BjHMGS1 start codon in italics) and reverse primer 5 -GGATCCTCAGTGTCCATTGGTTATGGAGCC-3 (BamHI site underlined and stop codon in bold). The amplified DNA was cloned into the prokaryotic expression vector pET-3a (Novagen), yielding plasmid pBj75. This cloning process introduced a BamHI site and a His 6 -tag 5 to the BjHMGS1 cDNA and a BamHI site immediately downstream from the translation stop codon. The entire length of PCR-amplified DNA was confirmed by nucleotide sequence analysis.
Expression and purification of recombinant His 6 -BjHMGS1
Single colonies of cells harbouring recombinant DNA were picked from plates containing Luria-Bertani medium with ampicillin (50 µg/ml) and chloramphenicol (35 µg/ml) for inoculation of 5 ml cultures. These cultures were grown overnight at 37
• C before use in inoculating 100 ml cultures in Luria-Bertani medium containing the appropriate antibiotics. Cultures were grown at 37
• C until D 600 = 0.4, as measured using a UV-spectrophotometer (Shimadzu Model UV-1206). IPTG was then added to a final concentration of 0.5 mM, and the culture further grown for 4 h. The cells were harvested by centrifugation at 5000 g at 4
• C for 10 min and stored at − 20
• C. For protein extraction, cell pellets were thawed on ice and resuspended in 4 ml of native lysis buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 10 mM imidazole, pH 8.0) and then powdered in liquid nitrogen. The homogenate was centrifuged at 27 000 g for 30 min and passed through a column (0.8 × 4 cm, Bio-Rad, Cat. No. 731-1550) packed with 1 ml of Ni 2+ -NTA agarose, equilibrated with lysis buffer. Proteins bound to the Ni 2+ -NTA agarose column were washed once with 4 ml of native washing buffer 1 (50 mM NaH 2 PO 4 , 300 mM NaCl, 0.8 mM imidazole, pH 8.0), twice with 4 ml of native washing buffer 2 (50 mM NaH 2 PO 4 , 300 mM NaCl, 8 mM imidazole, pH 8.0) and twice with 4 ml of native washing buffer 3 (50 mM NaH 2 PO 4 , 300 mM NaCl, 50 mM imidazole, pH 8.0). Finally the 
Primer name
Primer sequence
His 6 -BjHMGS1 was eluted using 4 × 0. • C for 1 min) and extension (68 • C for 12 min). The amplified product was treated with DpnI to remove template DNA and the mutated DNA was used in transformation of DH5α competent cells. The mutations were confirmed by nucleotide sequence analysis. E. coli BL21 Star (DE3) pLysS was transformed with the verified plasmids for subsequent expression of mutant His 6 -BjHMGS1 enzymes.
Protein analysis
Protein concentrations were determined by the method of Bradford [34] . Equal amounts of protein (10 µg) were analysed using SDS/PAGE (10 % gel) at pH 8.3; the gel was stained with Commassie Blue or used for Western-blot analysis [35] by crossreaction with anti-peptide antibodies raised in rabbit (Mimotopes, Clayton, Vic., Australia) against a synthetic peptide (SLYRRFY-GKKGDD) corresponding to amino acids 442-454 (single letter coding) of BjHMGS1 [33] . The molecular mass of the purified His 6 -BjHMGS1 was determined by non-denaturing PAGE (6-12 % gels) according to the method of Gallangher [36] .
HMGS assay
The enzyme assay was based on a method developed for avian HMGS [15] , which was modified as follows: 15 µl of enzyme solution was added to 35 µl of a mix containing 25.6 µl of 50 mM Tris buffer (pH 7.5), 2.5 µl of 0.1 M DTE, 2.5 µl of BSA stock solution (50 mg/ml), 2.0 µl solution at 10 µCi/ml of [ 14 C]acetylCoA (Sigma) in 50 mM KH 2 PO 4 , pH 4.5 (44 000 d.p.m., final concentration of 9 µM in the assay), and 2.4 µl of unlabelled AcAc-CoA (Sigma) in 50 mM KH 2 PO 4 (pH 4.5) to give an equimolar concentration in the assay. After a 10 min incubation at 30
• C (linear range), the reaction was stopped by addition of 6 M HCl. Incubation was continued for 30 min and then solutions were transferred to scintillation vials, in which the samples were heated at 110
• C for at least 3 h. Under these conditions thioesters are hydrolysed, [ 14 C]acetate from unreacted [ 14 C]acetyl-CoA is volatile and only [
14 C]HMG acid, from enzymically formed HMG-CoA, would remain in the vials. Hence, incorporation of radioactivity into heat-and acid-stable product indicates HMGS activity. To re-dissolve the [
14 C]HMG acid, 0.4 ml of water was added followed by incubation at 22
• C for 10 min. After addition of 5 ml of scintillation cocktail (ReadyGel, Beckman), the samples were vigorously vortex-mixed. After 30 min, radioactivity was determined using a liquid-scintillation counter, type Minaxi Tri-Carb 4000 (Packard), with automatic quench correction by the external standard method. Appropriate controls were run in the absence of enzyme protein and in the presence of boiled protein. A linear activity range was determined for each protein, testing 20 ng to 1 µg protein per assay. For mutant K90A that showed no activity within this range, assays were carried out using up to 5 µg of protein per assay in the reaction.
Kinetic analysis on purified wild-type His 6 -BjHMGS1
Purified His 6 -BjHMGS1 and its mutants were used for all kinetic parameter determinations employing the standard radiometric assay [15] . Standard kinetic parameters were estimated using nonlinear regression analysis of rate data. For evaluation of the pH dependence of wild-type His 6 -BjHMGS1, the radioactive assay was modified to contain 50 mM Tris/HCl (pH ranging from 6-11), whereas for temperature dependence, the assay was conducted between 10 and 50
• C with 5
• C increments in the presence of equimolar concentrations of [ 14 C]acetyl-CoA and AcAc-CoA. To evaluate the requirement of divalent cations, the assay was carried out in the presence of 0.5-10 mM concentrations of Mg 2+ , Mn 2+ , Co 2+ and Zn 2+ . For investigating the effect of F-244 on His 6 -BjHMGS1 activity, assays were carried out in the presence of 0-100 nM F-244. For all the assay systems, a linear activity range of His 6 -BjHMGS1 was used, and an average of 2-3 separate assays was taken.
For determinations of the kinetic parameters V max and K m , assays were performed under the standard conditions, as described above, with concentrations of both substrates varying between 2 and 80 µM. The kinetic data were fitted to the Michaelis-Menten equation, and the kinetic parameter values for both substrates were determined from secondary plots of the slopes and intercepts versus the reciprocal of the fixed substrate concentration.
Acetyl-CoA hydrolase activity
Acetyl-CoA hydrolase activity of wild-type and mutant synthases was measured by monitoring enzyme-dependent depletion of [ 14 C]acetyl-CoA after conversion of residual substrate into acidstable [ 14 C]citrate, using excess citrate synthase and oxaloacetate [37] .
CD spectroscopy
CD spectroscopy for wild-type His 6 -BjHMGS1 and its mutant forms was carried out at 22
• C using a spectropolarimeter (JASCO, J-720). The far-UV CD spectra of the proteins were measured from 190 to 260 nm in 10 mM sodium phosphate buffer, pH 7.5. The instrument was set with 0.25 s response, 500 mdeg sensitivity, 50 nm/min speed, and 10 mm path length. An average of three scans was taken for each sample with 0.8-1 mg/ml protein concentration. The data were processed by subtracting the buffer spectrum.
RESULTS
Expression and purification of His 6 -BjHMGS1
One of the four isolated B. juncea HMGS cDNAs [33] , HMGS1 cDNA, was cloned in-frame in pET3a expression vector to yield plasmid pBj75. The 1.4 kb cDNA was fused to DNA encoding a His 6 -tag at its 5 -end to enable easy purification of the recombinant protein using Ni 2+ -NTA columns. Using the GCG computer analysis package, the predicted mass of this recombinant protein is 53 kDa, evident as a distinct band after SDS/PAGE (Figure 1 , lanes 1 and 2) from bacterial soluble protein extracts of IPTG-induced BL21 Star (DE3) pLysS cells transformed with plasmid pBj75. On checking for HMGS activity in vitro, protein extracts from IPTG-induced cultures showed a significant increase in apparent activity (results not shown). In contrast, activity was absent in crude extracts from pET3a-transformed E. coli. Westernblot analysis using anti-peptide antibodies against BjHMGS1 detected a cross-reacting band (apparent molecular mass 53 kDa) in soluble protein extracts (Figure 1, lanes 3 and 4) and confirmed the identity of the protein. Batch extraction of recombinant His 6 -BjHMGS1 was carried out 4 h after IPTG induction under nondenaturing conditions, and the protein was subsequently purified through an Ni 2+ -NTA agarose column. The Coomassie Bluestained gel showed purified His 6 -BjHMGS1 with an apparent molecular mass of 53 kDa (Figure 1, lane 5 ). Purified His 6 -BjHMGS1 (5 mg) was harvested from 1 litre of cell culture (Table 2) , dialysed against 50 mM Tris buffer (pH 7.5) and used for in vitro assays.
Effect of cation concentration and F-244 on His 6 -BjHMGS activity
In contrast with previously reported avian HMGS [16] and insect HMGS [38] , which are activated by MgCl 2 , His 6 -BjHMGS1 did not require any cations for its activity. Of the cations (Mg 2+ , In order to test the hypothesis that a firmly bound cation could be present at the enzyme and be essential for catalysis, we incubated the enzyme in the presence of a strong chelator, phenanthroline, which should have stripped off such a cofactor. We noted that treatment by phenanthroline led to some inactivation of enzyme activity, but a little stimulation by cations that were added after dialysis of the enzyme against a Tris buffer system was only observed with Mg 2+ , while all others tested exhibited essentially the same effects as with untreated, purified His 6 -BjHMGS1.
To test the effect of F-244 (= L-659,699), a β-lactone known to specifically inhibit HMGS [39, 40] , assays were carried out in the presence of varying concentrations (0-100 nM) of the compound. Measurement of His 6 -BjHMGS1 activity in the presence of increasing concentrations of F-244 concentration revealed that it is a very effective inhibitor of His 6 -BjHMGS1, with an IC 50 value of 35 nM.
Effect of pH and temperature on His 6 -BjHMGS1 activity
Recombinant His 6 -BjHMGS1 showed a pH optimum of 8.5 (Figure 2A) and a temperature optimum of 35
• C ( Figure 2B ). We determined an apparent energy of activation of 62.5 J · mol −1 as calculated from the Arrhenius plot ( Figure 2C ). In preceding experiments we noted that freshly isolated His 6 -BjHMGS1 was rapidly activated by about 8-fold upon preincubation for 5 min in the presence of 5 mM DTE, after which the activity remained constant.
Structural features of His 6 -BjHMGS1
The molecular mass of the purified His 6 -BjHMGS1 determined by non-denaturing PAGE was 106 kDa. Since its estimated subunit size on SDS/PAGE (Figure 1 ) was consistent with its calculated subunit size (53 kDa), it is predicted to be a homodimer.
Activity of recombinant His 6 -BjHMGS1
HMGS activity was measured using the fixed-time radiochemical assay [15] in the presence of [
14 C]acetyl-CoA and AcAc-CoA. Purified recombinant His 6 -BjHMGS1 showed a specific activity of 0.106 µmol · min −1 · mg −1 with a 46 % recovery (Table 2 ). This purified protein was then used for kinetic assays. Kinetic analysis of His 6 -BjHMGS1 revealed that AcAc-CoA exerts an inhibitory effect on its activity. Figure 3 shows double reciprocal plots of initial velocities versus varying concentrations of one substrate, while the other substrate was kept at constant. At the concentrations tested (2.8-22.9 µM acetyl-CoA and 4.0-80.0 µM AcAc-CoA), we observed that the lower the concentration of the substrate acetyl-CoA in binding the enzyme, the more the second substrate AcAc-CoA became inhibitory ( Figures 3A and 3B) . Apparently, at low acetyl-CoA concentrations, AcAc-CoA can compete for the same binding site, yielding a dead-end complex, as was described for the yeast enzyme [23] . This resulted in increased sharp upward curving of lines in Lineweaver-Burk plots when AcAc-CoA concentration varied and acetyl-CoA was kept constant ( Figure 3A) . Likewise, by first increasing the concentration of substrate acetyl-CoA with that of AcAc-CoA kept constant, the enzyme was increasingly alleviated from substrate inhibition ( Figure 3B ), indicating that AcAc-CoA inhibition is competitive with respect to acetyl-CoA. A replot of slopes from Figure 3 (Table 3 ). [37] . n.i., no inhibition. 
His 6 -BjHMGS1 is product-inhibited
To investigate whether His 6 -BjHMGS1 exhibits product inhibition, different concentrations of HMG-CoA and HS-CoA (reduced CoA) were included in the reaction mixture and the
Figure 4 Alignment of deduced amino acid sequences for HMGS to indicate the locations of mutated amino acids
BjHMGS1 from B. juncea (Bj) [33] ; HMGS from A. thaliana (At) [30] ; P. sylvestris (Ps) [31] ; Homo sapiens (Hs) [41] ; Mus musculus (Mm) [42] ; Gallus gallus (Gg) [43] ; B. germanica (Bg) [44] and Schizosaccharomyces pombe (Sp) [45] . Amino acid residues selected for in vitro mutagenesis are in bold. The numbers on top correspond to the amino acid residues on BjHMGS1 and the shaded portion denotes peptide used for raising antibodies against BjHMGS1.
assay was carried out under standard conditions. The assays revealed that HMG-CoA and HS-CoA inhibit the enzyme in a concentration-dependent manner, with respect to acetyl-CoA. From plots of slopes over product concentrations, we calculated an apparent K is of 9 µM for R,S-HMG-CoA and 80 µM for HS-CoA.
Expression, purification, and preliminary characterization of His 6 -BjHMGS1 mutants
To investigate the significance of amino acid residues in His 6 -BjHMGS1 that are conserved across species, in vitro mutagenesis was carried out. The amino acid residues chosen for site-directed mutagenesis were based on a comparison of BjHMGS1 with other known HMGS (Figure 4 ). BjHMGS1 shares a considerably significant homology with HMGS from Arabidopsis thaliana (94.6 %), P. sylvestris (74.4 %), human (48.5 %), Blatella germanica (50.0 %) and yeast (44.0 %). The highest conservation with A. thaliana can be attributed to the fact that both plants belong to the family Brassicaceae. These conserved amino acid residues were targeted for mutagenesis because their side chains are likely to be involved in catalysis and recognition of ligands. Mutant forms of recombinant His 6 -BjHMGS1, with single amino acid substitutions affecting each of the thirteen residues (Tyr-35, Arg-77, Lys-88, Ser-89, Lys-90, Asn-115, Cys-117, Tyr-118, Arg-157, His-188, Cys-212, Ser-356 and Ser-359) in BjHMGS1, were obtained and these amino acids are numbered according to native BjHMGS1 (Figure 4 ). Except for residues His-188 and Cys-212, all other substitutions were made with alanine, as it eliminates the side chain beyond the β-carbon without imposing severe constraints on secondary structure and tertiary conformation [46] . When expression constructs encoding each of thirteen mutant derivatives of His 6 -BjHMGS1 were expressed in E. coli, only eight (S89A, K90A, N115A, R157A, H188N, C212S, S356A and S359A) of thirteen mutants could be expressed as soluble proteins.
The remaining (Y35A, R77A, K88A, C117A and Y118A) accumulated only in the insoluble fractions and were not considered further. The Ni 2+ -NTA-column-purified soluble mutant enzymes were essentially homogeneous by SDS/PAGE analysis (Figure 5A ). Between 1 and 2 mg of purified enzyme was recovered from each 200 ml of culture. The apparent molecular masses of the mutant derivatives were estimated to be 53 kDa, in agreement with the calculated molecular mass (53 kDa) of His 6 -BjHMGS1.
HMGS assays on the mutant enzymes were carried out using Ni 2+ -NTA-column-purified enzymes and activities for all eight soluble mutant His 6 -BjHMGS1 derivatives were measured under V max conditions established for the wild-type. We observed that the activities of S89A, N115A and S356A were comparable with wild-type, whereas mutant K90A was completely inactive (Figure 5B) . Mutants R157A, H188N and C212S exhibited more than 50 % reduced activity compared with wild-type, while S359A increased activity significantly to 232 % ( Figure 5B ).
Further kinetic analysis was carried out for each mutant at varying concentrations of both substrates, and the calculated kinetic constants are presented in Table 3 . All amino acid substitutions, except R157A and H188N, displayed an approx. 2-fold decreased K m -acetyl-CoA compared with wild-type (43 µM); R157A (52 µM) and H188N (55 µM) showed a slight increase (Table 3) . Substitutions R157A, H188N and C212S exhibited 14-, 8-and 6-fold decreases in V max , suggesting that these residues are directly or indirectly involved in the catalytic cycle. Replacement of S359 by an alanine residue caused a 10-fold increase in V max with a ∼ 2-fold decrease in the affinity towards the substrate acetyl-CoA. Surprisingly, though H188N had a 6-fold decrease in V max and an increased affinity for acetyl-CoA, it did not exhibit substrate inhibition by AcAc-CoA, in contrast with wild-type and the other mutant enzymes. Double reciprocal plots for H188N showed that its activity increased with an increase in AcAc-CoA concentration when acetyl-CoA concentration remained constant ( Figures 6A and 6B ), apparently consistent with an ordered reaction mechanism, without the possible formation of a deadend complex with AcAc-CoA before acetylation of the protein through reaction with acetyl-CoA. For this mutant enzyme we calculated an apparent K m towards AcAc-CoA of about 12 µM (Table 4) .
Construction, expression and kinetic analysis on the H188N/S359A mutant
The observations that amino acid substitutions H188N and S359A culminated in a lack of substrate inhibition for AcAc-CoA or an increased activity respectively, led us to design a double mutant having both these substitutions, to investigate if it rendered increased activity without AcAc-CoA inhibition. The S359A mutant plasmid was used as template for construction of a double mutant also having a H188N substitution. The resulting plasmid pBj110 carrying both substitutions, was expressed in E. coli and purified as described previously for His 6 -BjHMGS1. Activity assays and kinetic analysis of H188N/S359A showed that it had increased activity with a 10-fold increase in V max , characteristic of the S359A mutant, and a ∼ 3-fold increase in K m-acetyl-CoA (Table 4) . With respect to substrate inhibition by AcAcCoA, H188N/S359A behaved similarly to the H188N mutant, now with a K m of approx. 2.9 µM (Table 4) ; an increase in AcAc-CoA concentration at constant acetyl-CoA concentration resulted in increased activity of the enzyme, indicating that it has lost its AcAc-CoA inhibition property. Our results indicate that this double mutant has retained both properties conferred by substitutions H188N and S359A. This implies that substrate inhibition for AcAc-CoA is impaired by the H188N substitution.
Acetyl-CoA hydrolase activity
HMGS is known to catalyse a slow abortive hydrolysis of acetylCoA in formation of acetate and CoA, in the absence of a suitable acetyl group acceptor AcAc-CoA [24] . His 6 -BjHMGS1 also 14 C]acetyl-CoA through its conversion into acid-stable form (citrate) in the presence of citrate synthase and oxaloacetate. The reaction proceeded to completion at 60 min with a t 1/2 of 11 min (Table 3) . Enzymes H188N and S359A showed the lowest and highest acetyl-CoA hydrolase activity with a t 1/2 of 61.7 min (∼ 6-fold decrease) and 4.7 min (∼ 3-fold increase) respectively, consistent with their HMGS activity (Table 3) . Mutants R157A and S356A displayed a ∼ 2-fold decrease in acetyl-CoA hydrolase activity, whereas the remaining mutants (S89A, N115A and C212S) did not exhibit any significant change in their hydrolase activity (Table 3 ). The double mutant H188N/S359A had a similar level of hydrolase activity as that of S359A (Table 4) .
Thermodynamic properties of His 6 -BjHMGS1
It is evident from Table 5 that R157A, H188N and C212S substitutions destabilize the enzyme by 7.3 kJ · mol −1 , 6 kJ · mol −1 and 3.5 kJ · mol −1 respectively, thus leading to an increase in the activation energy of all the three substitutions (Table 5 ). In contrast, substitution of Ser-359 with an alanine residue stabilized the transition state of BjHMGS1 by 6.8 kJ · mol −1 , thus leading to a 5.3 kJ · mol −1 decrease in the activation energy ( Table 5 ). The double mutation H188N/S359A caused a 2.6 kJ · mol −1 decrease in the apparent binding energy of substrate in the ground state and 3 kJ · mol −1 additional stabilization in the transition state, resulting in a decrease in the activation energy (Table 5) .
CD spectroscopy on His 6 -BjHMGS1 and its mutants
To investigate the effect of the amino acid substitutions on protein folding, CD spectra in the far-UV (190-260 nm) were measured. As illustrated in Figure 7 , the far-UV spectra for recombinant His 6 -BjHMGS1 and its variants were very similar, indicating that the amino acid substitutions had no impact on secondary structure. All the samples exhibited spectral minima near 210 and 223 nm.
DISCUSSION
In order to better understand the role of HMGS in plants, we sought to characterize BjHMGS1 by kinetic analysis and mutagenic studies. His 6 -BjHMGS1 was expressed as a 53 kDa protein in IPTG-induced E. coli cultures. As the whole pathway from acetyl-CoA to MVA is absent in E. coli [6] , the apparent activity Protein concentration used ranged from 0.8 to 1.0 mg/ml in 10 mM phosphate buffer and scanning was carried out at 22 • C using a 10 mm quartz cuvette. An average of three scans was taken for each sample, and the data were processed by subtracting the buffer spectrum.
we measured in vitro with crude extracts and purified protein was due to the expressed His 6 -BjHMGS1. Cations did not have any stimulatory effect; instead they inhibited its activity, in contrast with cytosolic chicken liver HMGS [16] and B. germanica HMGS1 [38] , which indicated 140 % and 230 % activation respectively in the presence of 20 mM MgCl 2. In its apparent independence from cations, the BjHMGS1 resembles the yeast enzyme [23] and the mitochondrial isoenzyme in animals [47] . The slight effect of reconstitution of apparent activity by Mg 2+ , observed with the phenanthroline-treated BjHMGS1, was not really significant; furthermore, these observations allow us to argue for the absence of a firmly bound cation, while still remaining accessible to chelation by phenanthroline. At this point, however, we cannot yet exclude the presence of an intrinsic, cryptic cation, like in malate synthases, catalysing a Claisen-type condensation [48, 49] . His 6 -BjHMGS1 showed inhibition in the presence of F-244, a specific inhibitor of HMGS [39, 40] , as demonstrated with the human [50] and hamster [51] recombinant HMGS. Freshly isolated His 6 -BjHMGS1 was activated by DTE, sharing the property of the sequel enzyme HMGR isolated from radish seedlings [52] , i.e., to be active only in a reduced state. His 6 -BjHMGS1 behaves as a homodimer (∼ 106 kDa), consistent with observations made with HMGS purified from baker's yeast [22] , ox liver [53] and Enterococcus faecalis HMGS [54] ; with DTEactivated enzyme we found an optimum activity at pH 8.5 .
From what is known from yeast and animal HMGS proteins, the HMGS reaction should follow a simple Ping Pong Bi Bi mechanism, which perfectly well explains substrate inhibition by the second substrate [55] , here AcAc-CoA [21, 23] , and irregular patterns in double-reciprocal plots. However, in the H188N mutant, substrate inhibition was lost, leading to intersecting patterns typical of ordered bi-substrate reactions, albeit at diminished catalytic efficiency. This pattern was maintained in the double mutant, but at increased catalytic capacity, although the apparent affinity towards acetyl-CoA was diminished by approx. 3-fold. If we follow the rule that a K m like that of His 6 -BjHMGS1 more or less reflects intracellular substrate concentrations, then this should be around 40 µM for acetyl-CoA, a value similar to that calculated for the yeast cytoplasm [23] . However, the equilibrium of the AACT reaction is by far on the side of acetyl-CoA formation [12, 23] . In order to catalyse the reaction in the presence of presumably nanomolar concentrations [23] , the affinity for AcAcCoA must be extremely high, which seems true with wild-type BjHMGS1, but by the same token, this high affinity explains the substrate inhibition. Furthermore, that all substrates and products contain CoA, which might make it difficult for the protein to discriminate between the common structural features, must presumably lead to competition for the same binding sites, even if the CoA moiety might adopt bent or extended conformations. This explains the absence of consensus structure or sequence motifs in enzymes like malate synthase and others catalysing similar reactions [49] .
Previous in vitro mutagenesis studies on avian HMGS have demonstrated that conserved amino acid residues (Glu-95, Cys-129 and His-264) are essential for catalytic activity [56] [57] [58] . These residues correspond to Glu-83, Cys-117 and His-247 in BjHMGS1 respectively. Cys-129 is an absolute requirement for the acetyl-S-enzyme reaction intermediate formation [56] , while Glu-95 plays an important role in the chemistry of C-C bond formation [58] . Studies on conserved aromatic residues in avian HMGS, have revealed that Tyr-130 (corresponding to Tyr-118 in His 6 -BjHMGS1) and Tyr-376 are part of the catalytic site [59] . In this study, kinetic analysis of thirteen invariant acidic residues revealed that the three mutants R157A, H188N and C212S displayed significant decreases in activity, indicating that they contribute to catalytic efficiency. From the fact that all these three amino acids lie near to each other, and that the disruption of any of them decreases catalytic efficiency, it can be inferred that they are essential for activity, without distinguishing their direct (catalytic and/or binding) or indirect (structural) role [60] .
In avian HMGS, replacement of cysteine with alanine in Cys-59, Cys-224 and Cys-232 did not affect HMGS activity [61] . In contrast, a C212S substitution in His 6 -BjHMGS1, which corresponds to Cys-224 of avian HMGS, significantly decreased its activity. As the amino acid structures of both cysteine and serine are similar except for the replacement of the SH-group in cysteine with an OH-group, it appears that Cys-212 has a role in catalysis in plant HMGS, or in the maintenance of a catalytically competent conformation. Substitution S359A increased the apparent V max 10-fold with a corresponding increase in acetyl-CoA hydrolase activity as compared with wild-type His 6 -BjHMGS1. In the absence of the second substrate AcAc-CoA, which acts as an acceptor for the acetyl group, His 6 -BjHMGS1 catalyses a slow abortive hydrolysis of acetyl-CoA to form acetate and CoA, similarly to avian HMGS [37] . The reverse was observed with the H188N, which showed an ∼ 8-fold reduction in both HMGS and hydrolase activities, but this mutation rendered the enzyme insensitive to AcAc-CoA inhibition, unlike all other mutants that show AcAc-CoA inhibition being characteristic of the wild-type enzyme. Previous studies by substitution of histidine residues confirmed that His-264 in avian HMGS anchors the second substrate AcAc-CoA [57] . It also resulted in a higher K m for acetyl-CoA, which may be due to diminished binding affinity of the second substrate to the free enzyme, i.e., accompanied by reduced substrate inhibition. In this study, the lack of AcAc-CoA inhibition in H188N suggests that this residue is involved in AcAc-CoA binding in native BjHMGS1. The double mutant H188N/S359A resulted in both higher activity (property of S359A) and lack of AcAc-CoA substrate inhibition (property of H188N), which on kinetic analysis revealed that it has a similar activity level to S359A, but lacks substrate inhibition by AcAcCoA. Substitution resulting in lack of substrate inhibition has never been reported previously for any HMGS. From the viewpoint of evolution, there are probably some restrictions for the 'optimization' of the enzyme's catalytic efficiency, first through the quite limited availability of the second substrate AcAc-CoA in the cytoplasm, which requires strong affinity with K m values that can be estimated as 1 µM [23] (which on the other hand leads to substrate inhibition), but also avoiding hydrolysis of substrate(s), thereby wasting energy that had been invested into their synthesis.
It is evident that through exchange of these amino acids by site-directed mutagenesis some subtle mechanistic modifications can be induced. While it seems clear that acetyl-CoA has to bind first, the release of the HS-CoA before AcAc-CoA can bind might occur in parallel or even later, this at the expense of the enzyme's affinity for AcAc-CoA. In no case could we observe a clear parallel pattern in double-reciprocal plots, indicative of a Ping Pong mechanism. Although R157A, H188N, C212S and S359A substitutions affected His 6 -BjHMGS1 activity, they had no effect on the secondary protein structure indicating that they did not affect the protein conformation. Within the limits of this method, the CD spectrum analyses of His 6 -BjHMGS1 and its mutant derivatives revealed that there was no significant change in the secondary structure culminating from the amino acid substitutions, and the spectra are consistent with that of previously reported human HMGS which had spectral minima near 208 and 222 nm, characteristic of an α-helical structure [50] . The residues (Tyr-35, Arg-77, Lys-88, Cys-117 and Tyr-118), which, when exchanged with alanine, resulted in the formation of inclusion bodies, might well control the conformation of the enzyme. The exchange at those positions might lead to unfavourable folding and interactions between neighbouring protein molecules, which ultimately results in agglomeration. The elucidation of their precise role also awaits the structural characterization of plant HMGS.
From an Arrhenius plot we determined a free energy of activation of 62.5 J · mol −1 for His 6 -BjHMGS1. Its temperature optimum profile is similar to that observed with HMGS from E. faecalis [54] , who calculated a 25.1 kJ · mol −1 of energy of activation. The further thermodynamic data obtained with mutagenized enzyme forms support the hypothesis that Arg-157, His-188 and Cys-212 are important in His 6 -BjHMGS1 catalytic activity. Keeping in mind the limits of such calculations [60] , substitutions R157A, H188N and C212S appear to destabilize the enzyme, leading to an increase in the activation energy by all the three substitutions, suggesting that these residues are involved in stabilizing the transition state of His 6 -BjHMGS1. In contrast, substitution S359A resulted in the stabilization of the transition state of His 6 -BjHMGS1, leading to decreased activation energy. Furthermore, the double mutation H188N/S359A caused a decrease in the apparent binding energy of substrate in the ground state and additional stabilization in the transition state, resulting in a decrease in activation energy. However, it has to be considered that so-called catalytic, binding, and structural residues are not acting independently [60] .
Our results suggest that His-188 and Ser-359 residues in His 6 -BjHMGS1 play a particularly important role in the regulation of HMGS activity in the cytoplasmic MVA pathway by conferring AcAc-CoA inhibition and lower activity respectively to HMGS. One further aspect needs to be well thought out: with the loss of substrate inhibition, the affinity for the products HMG-CoA and HS-CoA is also diminished. We are tempted to ascribe some regulatory function to the enzyme by itself, simply through its intrinsic kinetic properties. Such properties could have an important function in the regulation of the MVA pathway, for instance when the sequel enzyme HMGR is inhibited or downregulated. Piling up substrates and products would immediately diminish HMGS activity in vivo and thereby avoid the risk of accumulation of potentially toxic intermediates. For rapid adaptation of varying flux rates from acetyl-CoA to HMG-CoA, this could happen without the need to proteolytically degrade the enzyme, and without involvement of processes such as phosphorylation and/or dephosphorylation or even de novo synthesis.
In conclusion, the biochemical characterization of His 6 -BjHMGS1 reported here has shed some light on the nature of this enzyme in plants. Also, the use of in vitro mutagenesis in analysing the activity and kinetics of the various His 6 -BjHMGS1 mutants has given us an insight into the structure-function relationship of this enzyme in plants. As this study reports the first characterized HMGS from plants, it should pave the way for a better understanding in the regulatory function of this enzyme in the plant MVA pathway.
